Abstract. This review concerns the experimental and theoretical publications devoted to the important problem of the large piezoelectric anisotropy in PbTiO 3 -based polarized ferroelectric ceramics.
Objectives and background
Ferroelectrics (FE) are used in modern engineering mainly as polycrystalline (ceramic) materials with physical properties which can differ considerably from corresponding single-crystal properties. This difference is clear in the investigation and comparison of piezoelectric coefficients (PCs) of polarized ferroelectric ceramics (PFCs) and crystals with the analogous chemical composition. So, already in the first experimental works on the piezoelectric properties of modified lead titanate (LT) PbTiO 3 PFCs it was established that, in contrast to corresponding single-domain crystals, very large anisotropies ζ = d that may be sufficiently high because d * h |d * 33 |. Some applications are also based on deleting the interaction between thickness and lateral vibrational modes in the vicinity of the resonance of the thickness mode. Highfrequency ultrasonic transducers [14] , in which the lateral dimensions of the element are similar to the thickness that provides a minimal noise associated with lateral vibrations and an increase in the working frequency of devices, are of considerable interest.
Thus, the demands for effectiveness and reliability of high-anisotropy piezoactive elements concern not only urgent problems of health, acoustics and materials quality, with the possibility of chosing materials with well-defined stable exploitation parameters, with some of the advantages of bulk ceramic materials in comparison with single-crystal samples, but also the considerable role of these materials in modern engineering and so on. Satisfying these demands is impossible without understanding the physical mechanisms of the large piezoelectric anisotropy and without critical analysis of possible physical factors involved in achieving various extreme parameters.
In this paper we review the principal results of the experimental and theoretical investigations carried out during for the last ten years related to the piezoelectric anisotropy of modified LT-based PFC materials. Cardinal attention is paid to the physical aspects of achieving large and, especially, very large (ζ → ∞) PC anisotropy.
The available publications chosen for this purpose were divided conditionally into two groups. Papers on the experimental investigation of the piezoelectric anisotropy and optimization of the physical properties of PFCs belong to the first group. The second group, of fewer papers, is devoted to the theoretical investigation of the physical nature of the large piezoelectric anisotropy in LT-based PFCs.
Experimental data
The very large or even infinitely large anisotropy of PCs (namely ζ → ∞ due to k * p → 0 and d * 31 → 0) was achieved for the first time in LT-based PFCs modified by using Sm and Ca ions [15, 16] . It was established that the coupling factor k * p changed considerably with variation in the temperature and could be zero at a critical temperature T * , which can be made to coincide with room temperature by using appropriate concentrations of modifying elements [17] [18] [19] , PFC preparation technology and selection of the polarization rate [17] . In this case the thickness coupling factor k * t depended on the temperature very weakly. Now we consider some typical LT-based PFC materials in connection with different physical and technological factors influencing the electromechanical properties and the anisotropy ζ of these compounds. The experimental temperature dependences of the PCs and electromechanical coupling factors have been presented in different works [16, [20] [21] [22] [20, 21] and (Pb 0.88−x Ca x Sm 0.08 ) (Ti 0.98 Mn 0.02 )O 3 (x = 0.11-0.17) [14] PFCs. A feature of both these compositions is that k * t is almost constant within the wide temperature range −160
• C ≤ T ≤ 160 • C whereas the k * p dependence is nonmonotonic and k * p → 0 close to T = 0
• C for the polarization in electric fields E > 1 MV m −1 . The small values of k * p and of the PC d * 31 as well as their passing through zero should provided an increased accuracy in piezoelectric measurements. For this purpose the authors of [20, 21] used Smits' iterative method [23] which allows the separate measurement of the real and imaginary parts of complex material constants, for example, the PC d * 31 = d 31 − id 31 (see figures 1 and 2), the dielectric permittivity of the stress-free sample * σ 33 and the elastic compliance s * E 11 . The main idea of the Smits' method consists of the generalization of the classical resonanceantiresonance method [24] to the case of complex material constants. In Smits' method, the real and imaginary parts of the admittance are measured at three frequencies near the resonant frequency of a corresponding vibrational mode. The material constants mentioned above are then calculated by an iterative procedure using six values (including three real and three imaginary ones) of the admittance and formulae [24] , which describe the frequency dependence of the admittance. As shown by Damjanovic et al [20] , iterative Smits' method yields more precise results than does the standard method [24] , especially when d * 31 (or k * p ) becomes very small. Figure 1 shows that an increase in the polarizing electric field strength E from 30 to 90 kV cm −1 leads to an increase in the critical temperature T * , corresponding to d 31 = 0, in the range from −20 to +30
• C, and to a decrease in the room-temperature (20 According to results reported in [26] , the large anisotropy of the electromechanical properties is inherent to samples of LT-based fine-grained PFCs modified by inclusion of rare-earth elements, such as 
16 at x = 0.08, y = 0.02 and, with an increase in the electric field strength to E = 2-6 MV m
had not been known in other modified LT-based PFCs before it was reported in [27] and may be associated with the influence of Sm substitution.
When considering the influence of modifications of LT PFCs on the piezoelectric anisotropy, one should mention the works [28, 29] figure 3 ). The following are considered to be the principal reasons for this effect [28] [29] [30] : the volume properties of the grains in the initial LT; the domain-wall displacements in them; the domain orientation in the polarized samples; and features of the internal stress distribution and the polarization process. The roles of 90
• domains and 90
• domain-wall displacements in forming the large anisotropy ζ of the (Pb 1−x Ca x )TiO 3 PFC with 0.12 ≤ x ≤ 0.50 were also noted [31] . The changes in the composition x led to a change in the microstructure of the PFC and in the domain structure of the grains right up to the formation of single-domain grains in some cases. According to [30] , a transition from the single-domain grains to the polydomain ones was typical of the compositions having their maximum k * followed from their experimental results that, besides 90
• switchings, various other physical and technological factors influenced the anisotropy. Some of these factors are internal mechanical stresses and microcracks arising upon cooling the samples after the polarization, the microstructure (namely the distribution of the spontaneous polarization vectors of several domains along the sample thickness), the relaxation of the bulk charges inside the samples and methods for the polarization of ceramics. A correlation between the proportion of 90
• switchings and Ca content x influencing the anisotropy of the piezoelectric properties at various compositions was established [33] .
The • domain orientations in the grains under the polarizing electric field E. A monotonic decrease in the dielectric permittivity * σ 33 of these PFCs and an increase in the strain in the direction of the polarizing field were observed within the range E = 4-5 MV m −1 of the electric field strength associated with k * p (E) → 0. According to the results in [17] , the large k * t /k * p values at the comparatively small PC value d * 33 60 pC N −1 were obtainable owing to the increase in the sintering time τ for the above-mentioned Ca-and Sm-modified PFCs that testifies to an important role of the grain size and the domain-structure arrangement in determining the anisotropic electromechanical properties of modified PFCs.
To attain large piezoelectric anisotropies and k * p → 0 in the analogous compositions it is necessary to take into account the following main conditions:
(i) The concentration ratio Pb/Ca = 76/24 in (Pb 1−x Ca x )TiO 3 promotes the achievement of a tetragonality that favours the realization of 90
• domain switching [30] . (ii) The polarization of ceramics has to be held within a temperature region close to the Curie point, taking into account the electrical conductivity of the samples. This condition is directly associated with the role of 90
• domains [30, 38] formed at the paraelectric-ferroelectric phase transition and with the 90
• domain-wall mobility, providing the possibility of forming extremely anisotropic structures under the external field E.
(iii) The polarizing field strength E has to be chosen within an interval of decreasing d 31 (E) dependence (for T = constant) close to the zero value of d 31 [21] . [2] [3] [4] . This is not understood. Here it will be necessary to make a new effort to shed light on the nature of these and related effects.
Thus, experimental data and their interpretation presented in the first part of this review testify to the real possibility of the achievement of large piezoelectric anisotropies (up to ζ → ∞ and k * t /k * p → ∞) of LT-based PFCs. Information on the physical principles of this effect and a generalization of the experimental results using the model presentations and evaluations are given in section 3.
Theoretical results
The first analysis of the physical nature of the large anisotropy of d * ij in LT PFCs was given by Turik et al [45] whose principal results were confirmed by subsequent investigations [46, 47] . According to certain concepts [45, 48] 
(b) Figure 6 . Temperature dependences of piezoelectric coefficientsd * ij of PbTiO 3 ferroelectric ceramics [53] : (a) calculated by using experimental data [55, 6] and (b) calculated by using experimental data [56, 6] . The coefficients d * ij were calculated by using the self-consistent averaging method.The coefficients d • domains with equal volume concentrations) were calculated by using equations (3) for ϑ = 90
• .
obtained by direct averaging of the tensor components of the PC of the single-domain crystal over the directions, where ϑ is the maximum angle between the directions of the polarizing electric field vector and the spontaneous polarization vector of the single-domain crystals constituting the PFC. In the case of the complete realization of 180
• domain reversals (in the absence of non-180
• switchings) during PFC polarization, which is the most similar case to the real situation, the angle ϑ = 90
• and equations (1) transform intõ
(2) It can be seen from equations (2) 
and is written in terms of the maximum angle of the orientation ϑ and the PC d (3) were evaluated for the laminated 90
• domain structure by using results in [52] .
The role of the dielectric anisotropy is also obvious, if one takes into account that the piezoelectric effect manifests itself in perovskite-type FEs as a linearized electrostriction and hence the PCs
are expressed in terms of the electrostrictive constants Q kl , the spontaneous polarization P s and the dielectric permittivities The vast possibilities of controlling the piezoelectric properties and the anisotropy of PFCs in particular appear due to this circumstance.
Wersing et al [47] have implicated the role of the preferred orientation of the grain crystallographic axes (that was connected with the degree of polarization of PFC samples) in the achievement of the large anisotropy ζ in Pb The papers [48, 53, 54] published recently and based on stricter self-consistent method for the calculation of physical constants of PFCs in comparison with the methods used in [49, 50] contain the following summary. The A combination of the direct-averaging and selfconsistent methods makes it possible to recognize trends in the behaviour of PCs in PFC samples in the polarizing electric field. The degree of domain switching is described [51] by the orientation factor and, as has been shown in the simplest cases (see equations (1) and (3) • . This point corresponds to the polarization field strength at which 180
• domain switchings are completely realized and 90
• domain switchings are practically absent. The results of our calculations [51] are in quantitative agreement with some experimental data [21, 57] . Our papers [54, 58] were devoted to the piezoelectric anisotropies of the (Pb 1−x M x )TiO 3 (M = Ca, Sr and Ba; 0 ≤ x ≤ 0.33) and Pb(Zr 1−x Ti x )O 3 (0.60 ≤ x ≤ 1) PFCs. The anisotropy has also been considered by means of the method for averaging the grain physical constants on the basis of the model presentations [48, 53, 59] . The infinitely large PC anisotropy (ζ → ∞) is achievable by modifying LT PFCs by inclusion of ions with small radii (such as Ca) and by taking into account the concentration of these ions as well as that of 90
• domains in the grains. • domain structure in them, an important role in the achievement of the large anisotropy of d * ij in modified LT-based PFCs is played by the features of the concentration dependences of the electrostrictive constants Q 11 (x) and Q 12 (x) (it shows up very distinctly for M = Ca) determined from experimental data [28] . A more accurate determination of PFC PCs that have been obtained by averaging the physical constants of singledomain and polydomain crystals is possible by taking into account the contribution of domain orientations to PCs (due to the non-180
• domain-wall displacements [59] [60] [61] [62] ). However, methods for quantitative estimation of the domain-orientational contribution to the physical constants of FEs have not yet been developed and hence it remains insufficiently reliable, so we shall not consider these questions in detail here.
The role of the non-180
• domains in forming the electromechanical properties and especially the large piezoelectric anisotropy was the subject of two recent papers [63, 64] . These papers concerning calculation of the effective PCs d poly ij of polydomain single crystals of LiNbO 3 , LiTaO 3 (the 3m phase) [63] and KNbO 3 (the mm2 phase) [64] presented original ways of achieving d poly ij = 0 for a series of tensor components. In both cases the crystal samples contain S-type domain boundaries [65] separating the adjacent domain types and the corresponding laminated polydomain structures promote a large anisotropy with variations in the temperature [63] or at various volume concentrations [64] of the adjacent domain types. These new results may be useful in the search for possibilities of generating ζ → ∞ in corresponding PFC materials, but they generate new problems in calculations of the electromechanical constants of PFCs by taking into account the low symmetry of the initial polydomain grains. • domain structure the features of the dependences of some tensor components of the electrostrictive constants on the concentration of the modifying ions in single-domain crystals.
Conclusion
All the factors mentioned above are intrinsic; that is, they belong to crystals constituting the ceramic samples and depend on the degree of polarization of the PFC. We have shown in this review that it is enough to know the intrinsic factors for painting a picture of the piezoelectric anisotropy of LT-based PFCs. This picture is not discrepant and is in satisfactory agreement with experimental data. The external (relaxation) factors taken into account in papers [21, 26] for the interpretation of the temperature dependences of the piezoelectric, dielectric and elastic PFC constants play a minor part in our opinion. However, the relaxation factors become essential ones in the experiments with large characteristic times when measuring the static or quasi-static effects associated with the prolonged action of external electric fields on the samples.
